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Abstract. We present results from a calculation of the electromagnetic transition form factors between ground-state
octet and decuplet baryons as well as the octet-onlyΣ0 to Λ transition. We work in the combined framework of Dyson-
Schwinger equations and covariant Bethe-Salpeter equations with all elements, the baryon three body wave function,
the quark propagators and the dressed quark-photon vertex determined from a well-established, momentum dependent
approximation for the quark-gluon interaction. We discuss in particular the similarities among the different transitions
as well as the differences induced by SU(3)-isospin symmetry breaking. We furthermore provide estimates for the
slopes of the electric and magnetic Σ0 to Λ transitions at the zero photon momentum point.
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1 Introduction
The spectrum and the structure of hadrons are an important ex-
perimental handle to understand the formation of observable
matter from quarks and gluons, the elementary degrees of free-
dom of quantum chromodynamics(QCD). The internal struc-
ture of hadrons is particularly sensitive to the details of the
binding interaction. Form factors provide information on this
internal structure. Electromagnetic form factors, in particular,
encode how electric charge and multipole moments as well as
magnetic multipole moments are distributed inside the hadron.
Moreover, form factors in the spacelike photon-momentum re-
gion govern the electromagnetic interaction of hadrons with
other charged particles via the exchange of virtual photons.
Currently, in the baryon sector most of the experimental
knowledge on form factors in the spacelike region comes from
experiments on meson photo- and electro-production off nucle-
ons. In recent years, experimental data gathered chiefly from
experiments at MIT-Bates, Jefferson Lab and MAMI (see, e.g.
[1, 2] for reviews of experimental data) have provided a rather
precise picture of the spacelike neutron and proton elastic form
factors, some of its features still challenging theoretical expla-
nations.
Transition form factors of baryons provide additional in-
formation. In the case of nucleons, the electromagnetic nu-
cleon to Delta transition allows to study, for example, the possi-
ble deformation of charge and magnetisation distributions, oth-
erwise inaccessible for spin-1/2 baryons. Transition form fac-
tors are also a necessary input for any calculation of the pro-
duction processes studied in scattering experiments. In this re-
spect the main electromagnetic transition of interest is between
the nucleon and any of its non-strange excitations (chiefly the
∆(1232)) in the s-channel. For this transition, there are abun-
dant experimental data as well (see, e.g. [3]; electromagnetic
transitions between hyperons play also a relevant role in the
u-channel).
The study of hyperon form factors, in addition, allows to
understand the role of SU(3) flavour-symmetry breaking in the
properties of hadrons. Unfortunately, experimental knowledge
of the structure of hyperons is limited to some values for static
properties [4], to the measurement of elastic form factors at a
small number of large time-like photon momenta [5] and the
branching ratios of some decays [6, 7]. The study of the hy-
peron structure for spacelike photon momenta is also one of the
physics goals of the CLAS 12-GeV upgrade [8]. At small time-
like momenta, the future PANDA experiment at the Facility for
Antiproton and ion Research (FAIR) offers the interesting pos-
sibility to explore theΣ0-Λ transition form factor by the Dalitz
decay Σ0 → Λe+e−. An important task for theory is then to
provide for a precise calculation of both, the hadronic contri-
butions but also the electromagnetic corrections to this decay
in order to be able to unambiguously extract the hadronic part
at small time-like momenta up to energies of Σ0-Λ, see [9] for
a detailed discussion.
This work continues the study of the internal properties of
baryons in the combined Dyson-Schwinger (DSE) and Bethe-
Salpeter (BSE) framework using three-body equations [10–15].
In principle, this approach provides a direct connection be-
tween QCD as a quantum field theory and hadronic observ-
ables. The dynamics of quarks and gluons as constituents of
bound states, as well as the interaction vertices among them
are determined by the infinite set of coupled DSEs; these ele-
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ments then define the relevant BSEs, with solutions for ampli-
tudes encoding all the properties of hadrons as bound states of
quarks and gluons. In practice, for most applications, both the
DSEs and the BSEs are truncated in a consistent manner, such
that all the relevant symmetries (in particular chiral symmetry)
are preserved; see, e.g. [16] for a review of the formalism and
a detailed discussion of truncation schemes.
This paper is organised as follows. In section 2 we give
a brief overview of the DSE/BSE formalism in order to keep
this work reasonably self-contained. In section 3 we discuss
the results of the electromagnetic transitions from the baryon
decuplet to the baryon octet, stressing the similarities and the
differences with the well-studied nucleon to Delta transition.
Additionally we have calculated the form factors for the octet-
only Σ0-Λ transition. We summarise and conclude in section
4. The appendices contain some technical details of the calcu-
lation.
2 Short summary of the formalism
2.1 Bound state equations
The combined DSE/BSE framework for baryons has been de-
scribed in full detail in several references (see, e.g. [11,14,16]).
In order to keep this article reasonably self-contained, we reca-
pitulate here only its key elements.
In the DSE/BSE formalism, baryons are described as bound
states of three quarks, and their properties are obtained as so-
lutions of a three-body Bethe-Salpeter equation. The Bethe-
Salpeter amplitude is a tensor product of colour, flavour and
spin-momentum parts
ΓABCD(p, q, P ) =
(∑
ρ
ΨραβγI(p, q, P )⊗ F ρabcd
)
⊗ rst√
6
.
(1)
where we use {ABC} as collective spin, flavour and colour
indices for the valence quarks and D for the resulting baryon.
This amplitude is the solution of the three-body Bethe-Salpeter
equation Fig. 1. The amplitude depends on the three quark mo-
menta p1,2,3, which can be expressed in terms of two relative
momenta p and q and the total momentum P (see Eq. (25) in
Appendix A). The colour term rst/
√
6 fixes the baryon to be a
colour singlet and the flavour terms F ρabcd are the quark-model
SU(3) irreducible representations. The spin-momentum part of
the Bethe-Salpeter amplitude, ΨραβγI(p, q, P ), is a tensor with
three Dirac indices α, β, γ associated to the valence quarks and
a generic index I which depends on the spin of the resulting
bound state. One then introduces a covariant basis {τ(p, q;P )}
and expands the spin-momentum term
ΨραβγI(p, q, P ) =
∑
i
fρi (p
2, q2, z0, z1, z2)τ
i
αβγI(p, q;P ) ,
(2)
where the scalar coefficients {f} depend on Lorentz scalars
p2, q2, z0 = p̂T · q̂T , z1 = p̂ · P̂ and z2 = q̂ · P̂ only. The
subscript T denotes transverse projection with respect to the
total momentum and vectors with hat are normalised.
The resulting Bethe-Salpeter equation (with the three-body
irreducible term neglected, see below) in its final form reads
fρi (p
2, q2, z0, z1, z2) =
CFρρ′;λ1 Hij1 gρ
′′,λ
j (p
′2, q′2, z′0, z
′
1, z
′
2)+
CFρρ′;λ2 Hij2 gρ
′′,λ
j (p
′′2, q′′2, z′′0 , z
′′
1 , z
′′
2 )+
CFρρ′;λ3 gρ
′,λ
i (p
2, q2, z0, z1, z2) , (3)
with
gρ,λi (p
2, q2, z0, z1, z2) =∫
k
[
τ¯ iβαIγ(p, q, P )Kαα′,ββ′(p, q, k)δγγ′′×
S
(λ1)
α′α′′(k1)S
(λ2)
β′β′′(k2) τ
j
α′′β′′γ′′I(p(3), q(3), P )
]
×
fρj (p
2
(3), q
2
(3), z
(3)
0 , z
(3)
1 , z
(3)
2 ) . (4)
Here the factor C = −2/3 stems from from colour traces. The
flavour matrices F , the rotation matrices H1,2 and the differ-
ent momenta are defined in Appendix A. The dressed quark
propagators S and the Bethe-Salpeter kernels K are discussed
below.
Covariant bases for the Dirac structure of the Bethe-Salpeter
amplitudes (2) can be obtained using symmetry requirements
only; for positive-parity spin-1/2 baryons it contains 64 ele-
ments [17, 18] whereas for spin-3/2 baryons it contains 128 el-
ements [19]. In this way, one only needs to solve for the scalar
functions f . The index λ runs over all elements in a given
flavour state and the quark at the position ` in each term of
the flavour wave function is denoted by the superindex λ` to
keep track of the different flavours. The internal relative mo-
menta p(3), q(3) (and analogously for z
(3)
0 , z
(3)
1 and z
(3)
2 ) are
defined in Appendix A. The conjugate of the covariant basis τ¯
has been defined in [17,19] and it is assumed that the basis {τ}
is orthonormal.
The interaction kernel K in the most general three-body
Bethe-Salpeter equation (see Fig. 1 consists of an irreducible
three-body part and (permutations of) two-body interactions
K = K(3) +
∑
a
S−1a K
(2)
a (5)
In the Faddeev approximation the three-body part K(3) is ne-
glected, and we refer to the simplified BSE as the Faddeev
equation (FE). In this work we truncate the two-body kernel
K(2) to a ladder kernel, which consists of a single dressed
gluon-exchange with vector coupling to the quark legs:
K(2)a = Z
2
2
4piαeff (k
2)
k2
Tµν(k)γµγν (6)
with Tµν(k) = δµν− kˆµkˆν the transverse projector. This inter-
action is then specified by an effective coupling [20, 21] which
has been employed frequently in hadron studies within the rainbow-
ladder BSE/DSE framework. This model performs very well
for phenomenological calculations of ground- and excited-state
meson and baryon properties in selected channels including the
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p2
p1 p1
k3
~
k2 +(1)
(1)
p2
k1
~
k3
(2)
(2)
p3
k2
~
k1
+
(3)
(3)
K(2)
permutations
K(3) +
Fig. 1. Upper figure: Diagrammatic representation of the three-body Bethe-Salpeter equation with amplitude Ψ . Full quark propagators are
denoted by straight lines with black dots. The interaction between the quarks are encoded in the three-body and two-body kernels K(3) and
K(2). Lower figure: Faddeev equation in the rainbow-ladder truncation; gluon lines are dressed with the effective coupling, Eq. (7). See
Appendix A for the definitions of momenta.
octet and decuplet baryons studied in this work [15, 16]. It is
defined as
αeff(k
2) =piη7
(
k2
Λ2
)2
e−η
2 k2
Λ2
+
2piγm
(
1− e−k2/Λ2t )
ln[e2 − 1 + (1 + k2/Λ2QCD)2]
. (7)
with k the momentum of the exchanged gluon. This interaction
reproduces the one-loop QCD behaviour of the quark propa-
gator at large momenta and the Gaussian distribution of in-
teraction strength in the intermediate momentum region pro-
vides enough strength for dynamical chiral symmetry breaking
to take place. The scale Λt = 1 GeV is introduced for techni-
cal reasons and has no impact on the results. For the anoma-
lous dimension we use γm = 12/(11NC − 2Nf ) = 12/25,
corresponding to Nf = 4 flavours and Nc = 3 colours. The
scale in the ultraviolet part of the coupling is set to ΛQCD =
0.234 GeV. In the infrared momentum region, the interaction
strength is characterised by a scale Λ and a dimensionless pa-
rameter η that controls the width of the interaction. The scale
Λ = 0.72 GeV is adjusted to reproduce the experimental pion
decay constant from the truncated pion BSE. This as well as
many other pseudo-scalar ground-state observables, such as the
masses of ground-state mesons and baryons, turn out to be al-
most insensitive to the value of η in the range of values of
η between 1.6 and 2.0 see, e.g. [11, 22, 23]). The u/d and s
current-quark masses are fixed to reproduce the physical pion
and kaon masses, respectively. The corresponding values are
mu/d(µ
2) = 3.7 MeV and ms(µ2) = 85 MeV. The renormali-
sation scale is chosen to be µ2 = (19 GeV)2.
The remaining necessary element in Eq.(4) is the full quark
propagator S (omitting now Dirac indices) for the quark fla-
vours of interest. These are obtained as solutions of the quark
DSE
S−1(p) = S−10 (p) +Z1fg
2CF
∫
q
γµDµν(p− q)Γ ν(p, q)S(q) ,
(8)
which also contains the full quark-gluon vertex Γ ν and the full
gluon propagator Dµν ; S0 is the (renormalised) bare propaga-
tor with inverse
S−10 (p) = Z2 (i /p+m) , (9)
where m is the bare quark mass and Z1f and Z2 are renormal-
isation constants and g the renormalised strong coupling. This
equation is truncated to its rainbow version, which amounts to
the replacement
Z1f
g2
4pi
Dµν(k)Γ
ν(p, q) = Z22Tµν(k)
αeff(k
2)
k2
γν , (10)
with Tµν(k) the transverse projector, cf., eq. (6). The renormal-
isation constants are chosen such that multiplicative renormal-
isability is preserved. In combination with a ladder-truncated
meson BSE, this truncation also preserves chiral symmetry and
its QCD breaking pattern ensuring the validity of the Gell-
Mann-Oakes-Renner relation and the (pseudo-)Goldstone na-
ture of the pion.
2.2 Form factor calculation
The procedure to couple an external field to a BSE equation is
called gauging of the equation and was introduced in [24–28].
The main features of this procedure is that it ensures gauge in-
variance in the coupling with an external electromagnetic field
(hence charge conservation) and prevents the over-counting of
diagrams. The specific application of this formalism in the rain-
bow-ladder (RL) truncated three-body BSE framework has been
already described in [11]. We refrain from repeating the steps
here and give only the final expression, corresponding to the
diagrams in Fig. 2, with emphasis in their flavour dependence.
The form factors are extracted from the current Jµ describ-
ing the coupling of baryons to an external electromagnetic cur-
rent which,in the rainbow-ladder truncation, is
JµI′I =
∑
ρρ′;λ
(Qρρ′1 (Fρρ
′
1 J
ρ′ρ′′;λ
3 FT,ρ
′′ρ
1 )
µ
I′I+
Qρρ′2 (Fρρ
′
2 J
ρ′ρ′′;λ
3 FT,ρ
′′ρ
2 )
µ
I′I+
Qρρ′3 (Jρρ
′;λ
3 )
µ
I′I) , (11)
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_ -
permutations permutations
J
Fig. 2. Diagrams necessary to calculate the current Jµ, describing the coupling of an external photon field to a baryon, described by the Faddeev
amplitude Ψ , in the RL truncation.
(Jρρ
′;λ
3 )
µ
I′I =
∫
p
∫
q
Ψ¯ρβ′α′I′γ′(p
{3}
f , q
{3}
f , Pf )
[
S
(λ1)
α′α (p1)S
(λ2)
β′β (p2)
(
S(λ3)(pf3 )Γ
µ(p3, Q)S
(λ3)(pi3)
)
γ′γ
]
×(
Ψρ
′
αβγI(p
{3}
i , q
{3}
i , Pi)− Ψ{3};λαβγI (p{3}i , q{3}i , Pi)
)
, (12)
where we have defined Ψ{3};λ as the amplitude obtained from
the result of the third term in the Faddeev equation (4). The ma-
trices F results from the flavour contractions for the different
baryons, as given in Appendix B. The final and initial momenta
of the interacting quark κ are p
f/i
κ = pκ±Q2 ,withQ = Pf−Pi
the photon momentum. The relative momenta in the respective
terms of (12) are defined in Appendix A. The charge matrices
are defined as
Qρρ′;λ1 = F ρabcQaa′F ρ
′,λ
a′bc
Qρρ′;λ2 = F ρabcQbb′F ρ
′,λ
ab′c (13)
Qρρ′;λ3 = F ρabcQcc′F ρ
′,λ
abc′
with Q the charge operator
Q =
 2/3 0 00 −1/3 0
0 0 −1/3
 . (14)
Finally, the quark-photon vertex Γµ is calculated from an
inhomogenous Bethe-Salpeter equation
Γµ(p,Q) = iZ2γ
µ
+
∫
k
Kqq¯ (S(k +Q/2)Γ
µ(k,Q)S(k −Q/2)) ,
(15)
and using for the two-body interaction Kqq¯ the RL kernel (6)
with C = 4/3 and for the quark propagator S the solutions of
the RL-truncated quark DSE.
We emphasize that as a results of this consistent truncation,
the quark-photon vertex dynamically develops vector-meson
poles in its transverse parts [29, 30], thus naturally capturing
the physics of vector meson dominance for momenta close to
the pole region. This fact has been exploited recently in the
context of the pion transition form factor leading to good agree-
ment with the experimental data at intermediate momenta and
interesting modifications of the scaling limit at asymptotically
large momenta [31].
3 Results
Before we discuss in detail the results for specific transitions,
we would like to comment on two technical issues that compli-
cate the calculation of form factors in the covariant DSE/BSE
approach.
First of all, in the truncation scheme at hand, quark prop-
agators feature complex conjugate poles in the complex mo-
mentum plane. The calculation of transition form factors be-
low or above certain values of Q2 requires probing the quark
dressing functions in a region which contains poles (see, e.g.
[32–34] and also [35]). With our current computational tech-
niques, calculations are therefore limited to a Q2 window. The
specific values of these limits for Q2 depend on the masses of
the baryons of interest and (where relevant) are indicated in the
plots with dashed vertical lines. As a matter of fact, in many
cases our results are still smooth beyond the high-Q2 limit (see
also [14]) although not so below the low-Q2 limit.
A second limitation, which becomes critical in the present
calculation, stems from the fact that in evaluating (12), the
angles z0, z1 and z2 in (2) become complex and take values
beyond a circle of unit radius in the complex plane. Since in
practice the angular dependence of the Faddeev dressing func-
tions f(p2, q2, z0, z1, z2) is expanded in orthogonal polynomi-
als, such an expansion is strictly non-convergent in this case.
It turns out [35] that this is particularly problematic for transi-
tion form factors, except for a small Q2 window (again depen-
dent on the baryon masses) where the angles are approximately
within a unit circle. This allows us to compare the calculation
with the angular dependence truncated in a way to ensure con-
vergence (see e.g. [34]) with the full one. We observed that the
magnetic form factor GM is reasonably insensitive to such a
truncation. This, however, is not the case for the ratios REM
and RSM . The corresponding results are rather noisy and we
chose to show them for the γ∗N → ∆ transition only; even
in this case they should be considered as qualitative only. Note
that this is not a limitation of the framework itself (since it is
formally covariant) but of the numerical implementation of it;
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see [35] for a discussion of the necessary steps to overcome
such limitation in the future.
With these restrictions in mind, we have calculated the elec-
tromagnetic transition form factors between the lowest-lying
spin-1/2 isospin octet and spin-3/2 isospin decuplet, as well as
between the neutral octet members Σ0 and Λ. In the plots be-
low we present (coloured bands) the numerical results for val-
ues of the η parameter between η = 1.6 (lower bounds) and
η = 2.0 (upper bounds).
3.1 Nucleon - Delta transition
As already mentioned, the γ∗N → ∆ transition is the only
one with experimental data available [36–44]. Therefore, most
of the theoretical work focused on this transition. This includes
lattice QCD [45,46], effective field theories, largeNc relations,
perturbative QCD and models, see [47] for a comprehensive
review. It has also been studied previously in the DSE/BSE ap-
proach, using a contact interaction of NJL-type [48, 49] and in
a covariant DSE/BSE framework analogous to the present one,
i.e. using the same momentum dependent quark-gluon interac-
tion Eq.(7) but a quark-diquark approximation for the bound
state wave function [34]. For the spectrum of ground and ex-
cited baryon states with light quarks, the quark-diquark approx-
imation has been compared with the three-body approach very
recently [15] and good agreement has been found. The same
is true for the leading parts of the form factors of the ∆+, al-
though distinct discrepancies occur for the electric quadrupole
and the magnetic octupole contribution [16,19,50]. One would
expect similar results for the transition form factor.
The current describing the transition between a spin-3/2 and
a spin-1/2 baryons can be written directly in terms of the Jones-
Scadron form factors as [34]
Jµ;ρ (P,Q) =iPρα (Pf ) γ5Γ
µ;α (P,Q)Λ+ (Pi) , (16)
with Pρα the Rarita-Schwinger projector for spin-3/2 particles
and Λ+ the positive-energy projectors for Dirac spinors. The
vertex Γ is defined as
Γµ;α = b
[
iω
2λ+
(G∗M −G∗E) γ5εαµγδP̂T
γ
Q̂δ
−G∗ETαγQ T γµPT −
iτ
ω
G∗CQ̂
αP̂T
µ
]
, (17)
with
τ =
Q2
2
(
M23/2 +M
2
1/2
) , λ± = (M3/2 ±M1/2)2 +Q2
2
(
M23/2 +M
2
1/2
) ,
(18)
ω =
√
λ+λ− , b =
√
3
2
(
1 +
M3/2
M1/2
)
, (19)
and Tv the transverse projector with respect to the four-vector
v. Hatted vectors denote unit vectors. The photon momentum
is Q and P = Pf − Pi, with Pi,f the initial and final baryon
0
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-20
-15
-10
-5
0
0 0.5 1 1.5 2 2.5
Q2   ( GeV2 )
R     (%)SM MAMIDESY
CLAS
OOPS
Fig. 3. Magnetic form factor GM , ratio REM and ratio RSM of the
γ∗N → ∆ transition. Vertical dashed line delimit the region below
which the singularities of the quark propagator are probed. Exper-
imental data are taken from [36–44]. Coloured bands represent the
result of the numerical calculation for η = [1.6, 2.0] (lower/upper
bound).
momenta and PT is the transverse projection of P with respect
to Q. Frequently used are the ratios
REM = −G
∗
E
G∗M
, RSM = −M
2
N
M2∆
√
λ+λ−
G∗C
G∗M
, (20)
which at zero momentum are sensitive to the quadrupole mo-
ments of the transition.
We show our results in Fig. 3 compared to experimental
data. The results for the magnetic form factor are displayed in
the upper panel. Within the theoretical systematic uncertainty
estimated by the η-band our results agree well with the experi-
mental data for Q2 > 0.8 GeV2. Below we observe deviations
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leading to a systematic underestimation of the form factor. This
trend is in systematic agreement with others for the nucleon
electromagnetic and axial form factors as well as the form fac-
tors for the ∆ [11–13] and indicates the onset of pion cloud
effects, which are not included in the present framework (see,
however, [51] for pion cloud corrections to baryon masses).
For the ratio REM , displayed in the middle panel of Fig. 3,
we confirm an observation that has been previously discussed
in the quark-diquark approximation [50]. This quantity is sen-
sitive to the presence of deformations of the nucleon and ∆
due to higher angular momentum. In the non-relativistic quark
model, these come into play via d-wave admixtures to the s-
wave structure of the octet baryons. Since, historically, with d-
waves alone the resulting values for REM (0) were found to be
much smaller than the experimental ones, it has been concluded
that additional pion cloud effects are mandatory. However, as
discussed in [50], this is not necessarily true. In a fully covari-
ant framework, as the one at hand, p-wave contributions to the
nucleon and the ∆ are not only allowed, but, them being repre-
sented by the lower components of the four-spinors contained
in the amplitude, and hereby especially also in the leading one,
they play a much bigger role than d-waves which are related
to subleading parts of the baryons’ amplitudes. Consequently,
they contribute to REM and have the potential to generate de-
viations of REM (0) from zero of the same order as the exper-
imentally observed ones. This is true for the diquark-quark ap-
proximated framework [50] and also suggested by our results
from the three-body calculation. This observation also extends
to the ratio RSM (0), although here the agreement with exper-
iment is much better in the diquark-quark framework than for
our results presented in the bottom panel of Fig. 3. In general,
as already mentioned above, both ratios do suffer from uncer-
tainties due to technical problems with the Chebyshev expan-
sion that need to be dealt with in future work.
3.2 Hyperon Octet - Decuplet transition
In the exact SU(3)-isospin limit, the transition γ∗Σ∗ + → Σ+
would be identical to the γ∗N → ∆ studied in the previous
section (cf. Eq. (33)). This is indeed manifest in the magnetic
form factor, shown in Fig. 4, which is comparable in magnitude
to the corresponding one in Fig. 3 and qualitatively identical in
shape. Similar remarks apply to the γ∗Σ∗ 0 → Σ0, also shown
in Fig. 4, which is however suppressed by a flavour factor (see
Eq. (34)).
Once again, in the exact SU(3)-isospin limit the γ∗Ξ∗ 0 →
Ξ0 transition would be identical to the N∆ or the Σ∗+Σ+
ones. Comparing the corresponding plots in Fig. 4 we find that
their magnetic form factor is indeed very similar. Since the
Ξ is a doubly-strange baryon, this indicates that the isospin-
breaking effects are very small, as we shall see below.
A good measure of the breaking of SU(3)-flavour symme-
try is given by the form factors of the γ∗Σ∗ − → Σ− and the
γ∗Ξ∗ − → Ξ− transitions, since in the limit of exact symme-
try these would vanish identically (cf. Eq. (35) and Eq. (38)).
We show their magnetic form factors in the two bottom pan-
els in Fig. 4. They indicate a breaking of SU(3) symmetry
at the level of a few percent. The smallness of this breaking
in the present calculation might result from the fact that it is
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Fig. 4. Magnetic form factor of various hyperon transition form fac-
tors. Dashed vertical lines and coloured bands as in previous figures.
He`lios Sanchis-Alepuz, Reinhard Alkofer and Christian S. Fischer: Electromagnetic transition form factors of baryons 7
transition ∆N Σ∗ +Σ+ Σ∗ 0Σ0 Σ∗ 0Λ Ξ∗ 0Ξ∗ 0 Σ∗ −Σ− Ξ∗ −Ξ∗ −
GM (0)(η = 2.0) 2.0 1.1 0.5 1.0 1.8 -0.05 -0.07
GM (0)(η = 1.6) 0.8 1.3 0.6 1.1 1.5 -0.04 -0.02
exp. 3.04 (11) 4.10 (57) 3.35 (57) <0.8
Table 1. Extrapolated result for GM (0) from our quark core calculation and compared to the estimate of the experimental values from [52].
only generated by the different quark masses of the s− and
the u/d−quarks, both the current quark mass and the dynami-
cally generated one. Other possible sources of SU(3) breaking
would come, for example, from the weakening of the quark-
gluon interaction as a function of the quark mass (see [53]).
We should mention, however, that such an effect was explored
in [54] in relation to the octet and decuplet baryon masses,
where it was found to be sizeable on the level of the propa-
gators, but extremely small on the level of observables.
We also extrapolated our results for the magnetic form fac-
tors to zero momentum using a dipole fit for the transitions
with positive and neutral charges and a linear extrapolation for
the ones with negative charges applied after the zero crossing.
Our results are given in table 1 together with the corresponding
results for the nucleon-∆-transition. As discussed above, we
expect significant effects due to meson cloud effects at small
momenta. This is reflected in the sizeable underestimation of
GM (0) as compared with extractions from experimental values
performed in [52], based on the assumption of the dominance
of GM (0) over GE(0). Compared to the quark model calcu-
lation of Ramalho and Tsushima [52, 55] we indeed find qual-
itative agreement with their quark core values. In their work,
corrections due to meson cloud effects have been found of the
order of 50 percent of the total value forGM (0). Although such
comparisons in general need to be taken with a grain of salt
(for a start, in any models with parameters the relative sizes
between quark core and pion cloud contributions are parame-
ter dependent) we regard it as qualitatively indicative that the
systematic error of our results at small momenta may be of the
order of 50 percent. For large momenta, however, our results
can be taken as a quantitative prediction for GM (Q2) in these
transitions.
3.3 Σ0 − Λ transition
The γ∗Σ0 → Λ transition is the only electromagnetic transi-
tion allowed between members of the baryon octet. As with
other octet hyperon form factors, the experimental informa-
tion is limited to the magnetic moment [4]. This reaction, how-
ever, has attracted considerable theoretical interest. Its static
properties have been studied in a number of different mod-
els [56–65], chiral perturbation theory [66–71] and quenched
lattice QCD [72]. The form factors for non-vanishing photon
momentum have been studied in [73, 74] and very recently us-
ing dispersion relations in [9]. The emphasis of [74] was on
exploring the role of quark-core and meson-cloud effects on
the γ∗Σ0 → Λ transition form factors.
-0.01
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0
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0.01
0.015
0.02
0.025
0.03
0 0.5 1 1.5 2 2.5 3 3.5 4
0
GE
0
Q2   ( GeV2 )
-1.2
-1
-0.8
-0.6
-0.4
-0.2
0
0 0.5 1 1.5 2 2.5 3 3.5 4
GM
0
Q2   ( GeV2 )
Fig. 5. Electric (upper panel) and magnetic (lower panel) form factors
of the octet-only γ∗Σ0 → Λ transition. Coloured bands represent the
result of the numerical calculation for η = [1.6, 2.0].
The form factors for this transition are extracted from the
current
Jµ (Q,P ) = iΛ+(Pf )
(
F1(Q
2)
(
γµ +
(MΣ −MΛ)
Q2
Qµ
)
− F2(Q
2)
2 (MΣ +MΛ)
σµνQν
)
Λ+(Pi) ,
(21)
with Λ+(Pˆ ) = (1+ /ˆP ) /2 the positive-energy projector and
the electric and magnetic form factors defined as
GE(Q
2) = F1(Q
2)− Q
2
2 (MΣ +MΛ)
F2(Q
2) , (22)
GM (Q
2) = F1(Q
2) + F2(Q
2) . (23)
In the physical case where the Λ and Σ0 have different masses,
Eq. (21) entails that F1 must vanish for Q2 = 0 which, from
(22) implies GE(0) = 0 as well. In our case, however, Λ and
Σ0 are degenerate in mass and this constraint does not apply in
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principle. This is manifest in the upper panel of Fig. 5, where
the electric form factor is very small but not vanishing at zero
photon momentum.
In contrast to the octet-decuplet transitions, our results in
Fig. 5 show important dissimilarities with the quark model re-
sults of [74]. There, the quark-core contribution to the electric
form factor is vanishing, being entirely determined by pion-
cloud contributions. This is in contrast to our findings, where
we obtain a GE of similar magnitude to that in [74] but with
meson-cloud effects completely absent. This observation is sim-
ilar to the one discussed above in connection with REM of
the nucleon-∆ transition and the explanation is the same: In
quark models with s-wave contributions to the wave functions
only, these transitions are zero by default. Thus one need to
invoke either unnaturally strong d-wave contributions to the
wave-function or attribute the entire non-vanishing form factor
to meson cloud effects. In our relativistic framework, however,
sizeable p-wave contributions to the baryons wave function ap-
pear naturally and thus generate a non-zero result for GE .
Another interesting observation is that GE appears to fall
off rather slowly, staying small but sizeable for a large Q2-
range. The magnetic form factor, shown in Fig. 5, shows a trend
analogous to other transitions. Judging from the experimental
value of the magnetic moment |µΣ0Λ| = 1.61 ± 0.08 µN (as
well as from experience gained with the calculation of elastic
hyperon form factors in the same framework [14]) one can con-
clude that meson-cloud effects play a significant role, at least
at low-Q2. Note, finally, that the sign of the form factors is not
known experimentally. In our calculation, the sign cannot be
fixed from this transition only, since it can be changed adding
a global sign to the Λ flavour amplitude (see also the related
discussion in [74]).
Finally, we extract the slopes of the electric and magnetic
form factor at zero momentum. In Ref. [9] a combined ap-
proach using dispersion theory and effective field theory has
been used to determine for form factors from small timelike
momenta Q2 = −(mΣ0 −mΛ)2 to spacelike momenta of the
order ofQ2 = 1 GeV2. The results have been found sensitive to
uncertainties in the determination of two low-energy constants,
leading to a sizeable spread for the results of the form factors. A
determination of the slopes at Q2 = 0, either from experiment
via precise measurements of the Dalitz-decay Σ0 → Λe+e−,
or from theoretical input from other approaches is needed to
pin down their results. From our calculation we obtain
dGM
dQ2
∣∣∣∣
Q2=0
= 1.93..1.75 ,
dGE
dQ2
∣∣∣∣
Q2=0
= 0.053..0.073 ,
(24)
for the range of values η = [1.6, 2.0]. Naturally these num-
bers will be modified once meson cloud effects are included.
In the case of the form factors of the nucleon and the Σ−,
where experimental data are available, the squared charge radii
underestimate the experimental results by 30/25 percent for
nucleon/Σ− respectively. Thus we expect an error of similar
size for the derivatives of the transition form factor.
4 Summary
We have presented and discussed results for the electromag-
netic transition form factors between all members of the baryon
octet and decuplet, as well as for the octet-only Σ0Λ transi-
tion, in the rainbow-ladder truncation of the covariant three-
body Bethe-Salpeter equation. Such a quark core calculation
is generally reliable at large spacelike photon momentum and,
within the Q2-windows indicated in the figures, our results
have predictive power. In the low momentum region, however,
our calculation needs to be augmented by the inclusion of me-
son cloud effects. In principle, these effects can be taken into
account in a systematic way since their origin from the de-
tails of the underlying quark-gluon interaction have been clar-
ified in Ref. [75]. However, although first calculations of pion
cloud effects in the DSE/BSE framework are available for se-
lected meson and baryon masses [51, 76], their inclusion in
form factor calculations is a tremendous numerical task, which
has not been attempted so far beyond NJL-model type calcula-
tions [77]. Without these effects, our results for the form fac-
tors at small momentum and the associated magnetic moments
are too small by up to 50 %. This is explicitly manifest in the
case of theN∆ transition where a comparison with experimen-
tal data is available. Similar discrepancies have been observed
previously in the calculation of strange and non-strange baryon
form factors [11–14].
An important difference to quark model calculations of tran-
sition form factors is the presence of sizeable contributions of
p-wave tensors to the wave function of the baryons. Such terms
are inherent to the employed Poincare´-covariant approach: They
are represented by the lower components of the relativistic four-
spinors resulting from the coupling of the three quarks’ Dirac
spinors. Especially, also the leading s-wave contribution (upper
two components) is always accompanied by a related p-wave
(lower two-components) which are then unavoidable as soon as
binding energies are sizeable compared to the related masses.
This is different to non- or semi-relativistic quark model calcu-
lations in which the sub-leading d-wave components are held
responsible for deviations from the baryons’ sphericity. For
N∆γ and ΣΛγ the lower, p-wave, components lead a non-
zero contribution to GE and the ratio REM without the need to
invoke meson cloud effects. This element is a general feature
of the framework and in principle independent of the trunca-
tion. Of course, the precise quantitative contribution of these
p-waves as opposed to meson cloud effects will have to be de-
termined in future calculations.
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A Kinematics
The relative p, q and total P momenta introduced in Eq. (1) are
defined in terms of the three quark momenta p1, p2 and p3 as
p = (1− ζ) p3 − ζ(p1 + p2) , p1 = −q − p
2
+
1− ζ
2
P ,
q =
p2 − p1
2
, p2 = q − p
2
+
1− ζ
2
P ,
P = p1 + p2 + p3 , p3 = p+ ζP , (25)
where the momentum partitioning parameter is chosen to be
ζ = 1/3 . The internal quark propagators in the Faddeev equa-
tion (4) depend on the internal quark momenta ki = pi−k and
k˜i = pi + k, with k the exchanged momentum. The internal
relative momenta, for each of the three terms in the Faddeev
equation, are
p(1) = p+ k, p(2) = p− k, p(3) = p,
q(1) = q − k/2, q(2) = q − k/2, q(3) = q + k .
(26)
The momenta needded for Eq. (3) are
p′ = −q − p
2
, q′ = −q
2
+
3p
4
,
p′′ = q − p
2
, q′′ = −q
2
− 3p
4
. (27)
The rotation matrices are
Hij1 =
[
τ¯ iβαIγ(p, q, P )τ
j
βγαI(p
′, q′, P )
]
, (28)
Hij2 =
[
τ¯ iβαIγ(p, q, P )τ
j
γαβI(p
′′, q′′, P )
]
. (29)
For the calculation of form factors, the κ-th quark momenta
before and after the photon coupling are pi/fκ = pk∓Q/2. The
corresponding initial and relative momenta in Eq. (12) can be
then obtained by substituting the respective quark momentum
in Eqs. (25).
B Flavour traces for form factors
For the calculation of form factors we need the charge matrices
Q, Eq. (13) and the matrices F1 and F2, defined as
Fρρ′1 = F ρabcF ρ
′
bca , (30)
Fρρ′2 = F ρabcF ρ
′
cab . (31)
Using the flavour amplitudes in Tab. 2 and 3 and denoting the
result of the last term in (12) for a particular combination of
quark flavours (λ1λ2λ3) as J
ρ
λ1λ2λ3
, we get for Eq. (11) in the
case of decuplet to octet transition currents (omitting all other
indices for clarity),
J∆+p = J∆0n = −
√
2J2uuu , (32)
JΣ∗+Σ+ = −
√
2
3
(√
3J1suu −
√
3J1usu + J
2
suu + J
2
usu + J
2
uus
)
, (33)
JΣ∗0Σ0 = −
√
3
6
√
2
(√
3J1suu −
√
3J1usu + J
2
suu + J
2
usu + 4J
2
uus
)
, (34)
JΣ∗−Σ− =
1
3
√
2
(√
3J1suu −
√
3J1usu + J
2
suu + J
2
usu − 2J2uus
)
, (35)
JΣ∗0Λ =
1
2
√
2
(
J1suu − J1usu −
√
3
(
J2suu + J
2
usu
))
, (36)
JΞ∗0Ξ0 =
1√
6
J1sus −
1
3
√
2
(√
3J1uss + 4J
2
ssu + J
2
sus + J
2
uss
)
, (37)
JΞ∗−Ξ− =
1√
6
J1sus −
1
3
√
2
(√
3J1uss − 2J2ssu + J2sus + J2uss
)
, (38)
and for the octet Σ0 − Λ transition,
JΣ0Λ =
1
4
(
−
√
3J11suu −
√
3J11usu − J12suu + J12usu + 3J21suu − 3J21usu +
√
3
(
J22suu + J
22
usu
))
. (39)
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state A S
p 1√
2
(udu− duu) 1√
6
(2uud− udu− duu)
n 1√
2
(udd− dud) 1√
6
(udd+ dud− 2ddu)
Σ+ 1√
2
(usu− suu) 1√
6
(2uus− usu− suu)
Σ0 1
2
(usd+ dsu− sud− sdu) 1√
12
(2uds+ 2dus− usd− dsu− sud− sdu)
Σ− 1√
2
(dsd− sdd) 1√
6
(2dds− dsd− sdd)
Ξ0 1√
2
(uss− sus) 1√
6
(uss+ sus− 2ssu)
Ξ− 1√
2
(dss− sds) 1√
6
(dss+ sds− 2ssd)
Λ0 1√
12
(2uds− 2dus+ sdu− dsu+ usd− sud) 1
2
(usd+ sud− dsu− sdu)
Table 2. Baryon octet flavour amplitudes.
state S
∆++ uuu
∆+ 1√
3
(uud+ udu+ duu)
∆0 1√
3
(udd+ dud+ ddu)
∆− ddd
Σ∗+ 1√
3
(uus+ usu+ suu)
Σ∗0 1√
6
(uds+ usd+ dus+ dsu+ sud+ sdu)
Σ∗− 1√
3
(dds+ dsd+ sdd)
Ξ∗0 1√
3
(uss+ sus+ ssu)
Ξ∗− 1√
3
(dss+ sds+ ssd)
Ω− sss
Table 3. Baryon decuplet flavour amplitudes.
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